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Introduction
Apart from being devastating to local ecosystems and economies, biomass burning and wildfires significantly alter air quality on regional to hemispheric scales (van der Werf et al., 2006) and are an important component of the climate system. They are now recognized to be a major contribution to the global emissions of trace gases and aerosols, significantly affecting atmospheric chemistry, degrading air quality, and impacting the radiative transfer in the atmosphere (e.g. Seiler and Crutzen, 1980; Logan et al., 1981; Crutzen and Andrea, 1990; Liousse et al., 1996; Andreae and Merlet, 2001) . One of the principal trace gas species produced during biomass burning events is carbon monoxide (CO). CO plays a central role in atmospheric chemistry by acting as a major sink for hydroxyl radicals (
. OH) and through its role in the production of ozone (O 3 ). It is produced as a result of incomplete combustion and the oxidation of methane and non-methane hydrocarbons (NMHCs) and is principally removed by reaction with OH. CO is currently regulated by air quality standards worldwide as a major ozone precursor, and it also contributes to climate change through its effect on ozone and methane chemistry. With biomass burning and oxidation of naturally occurring volatile hydrocarbons accounting for nearly 50% of tropospheric CO (Logan et al., 1981; Thompson et al., 1994) , monitoring changes in these sources, changes in anthropogenic sources, and subsequent transport are key to assessing the impact on tropospheric chemistry and near-surface air quality. CO's relatively long lifetime (~2 months), makes it an excellent tracer of transport and source variability (Badr and Probert, 1994) . Increases in global tropospheric CO from 1970 to the late 1980s has been linked to increasing anthropogenic emissions (Khalil and Rasmussen, 1988; Yurganov et al., 1997) . Subsequent studies found that global tropospheric CO abundances leveled off and began to decrease from 1990 to 2000 because of tighter controls on automobile emissions Khalil and Rasmussen, 1994; Bakwin et al., 1994; Parrish et al., 2002 ). However, several recent studies have postulated possible large-scale increases and variations in biomass burning sources in the hot and dry rural regions due to climate change (Wotawa et al., 2001; Yurganov et al., 2004; Lapina et al., 2006; Kasischke and Turetsky, 2006) .
Biomass and wildfire events have been observed both in the tropics and Northern
Hemisphere. Often burning for several weeks, they constitute extremely large perturbations (Turquety et al., 2007) , which can increase the background level of relatively long-lived species on hemispheric scales and explain most of the interannual variability in the surface observations 4 (Wotawa et al., 2001; Szopa et al., 2007 These wildfires emitted a comparable amount of primary pollutants, comparable to the amount produced from anthropogenic activities, resulting in enhanced pollution and radiative forcing over large parts of Europe (Hodzic et al., 2006 and Indonesia experienced some of its most severe wildfires in late 2006, which emitted extreme levels of CO (Rinsland et al., 2008; Logan et al., 2008; van der Werf et al., 2008; Yurganov et al., 2008) . Although these fires were mainly deliberately set for the purpose of land clearing, the extent to which they were possible is widely recognized as relating to the regional drought induced by El Niño and the positive Indian Ocean Dipole (Field and Shen, 2009; Nassar et al., 2009 Justice et al., 2002) . These instruments allow a good evaluation of the location of the main fires under satellite overpass. Signatures from biomass burning are some of the main features observed from space (Lamarque et al., 2003; Edwards et al., 2004; Turquety et al., 2007; McMillan et al., 2008; Yurganov et al., 2008) , both due to the large CO concentrations resulting from these fires and to the fact that the fire plumes are often rapidly transported toward the free troposphere, where the IR remote sensors are the most sensitive. Some of these lofting events are rapid as expressed by Fromm et al. (2005) and (2006), which may primarily be due to conditions of extreme convection with sufficient energy to efficiently transport a large amount of material from the planetary boundary layer to the UTLS -most notably referred to as pyro-cumulonimbus (pyroCb) eruptions. Guan et al. (2008) recently simulated pyrcoCb events using the NCAR Community Atmosphere Model (CAM) with a plume-rise parameterization scheme to account for CO over Africa and its export during SAFARI 2000. Their CAM simulation with the plumerise parameterization scheme show a substantial improvement of the agreements between the modeled and aircraft-measured vertical distribution of CO over Southern Africa biomass burning area. They also concluded that the effect of the plume-rise on free tropospheric CO is more important for the source area (i.e., short-distance transport) than for remote areas (i.e., longdistance transport). 
TES and MLS CO and OMI AI observations of Australia region in Dec 2006
The CO observations from TES and MLS and the UV absorbing aerosol indices (AI) obtained from the OMI instrument on the Aura satellite are examined for the Australia fire dates of December 12 th -19 th , 2006. TES operates in nadir mode and provides CO volume mixing ratio (VMR) vertical profiles from the surface to the upper troposphere with limited vertical resolution (Beer et al., 2006) . MLS operates in limb mode and provides CO VMR vertical profiles at the observation tangents of 2-3 km think layer for ~215 hPa and above (Waters et al., 2006 ). OMI's AI is a measure of departures of observed UV spectra from the model spectra without aerosol loading, and its magnitude is a good indicator of the aerosol amount in the atmosphere (Torres et al., 2007) . are examined in the Australia region. Figure 2 shows spatially interpolated TES and MLS CO VMRs. Since TES Global Surveys (GS) are taken along Aura orbits in a one-day-on followed by one-day-off mode, the continually taken MLS data are selected closest to those of TES. The field patterns for TES and MLS CO at 215 hPa are similar for the four GS time periods.
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The TES retrieved CO profiles have limited vertical resolution that can be described by the averaging kernels (AK) and the degree of freedom for signal (DOF). Figure 3 shows the mean averaging kernels for the TES CO profiles with CO > 120 ppbv in the two latitude bands of the Australia region. The DOFs for the two latitude bands are 1.4 (27 o S to 43 o S) and 1.0 (49 o S-72 o S), respectively. As described by Rodgers (1998) and Luo et al. (2007) , the retrieved CO profile from remote sensing spectra is the combination of the true CO profile, vertically smoothed by the averaging kernel and the contribution from the a priori profile. In cases 49 o S to 72 o S (see Figure   3 , right panel), the TES CO retrieved values at 215 and 618 hPa are both influenced heavily by the true CO values at 400-250 hPa and the a priori values at all levels. It is therefore hardly a convincing conclusion that the enhanced CO in the lower troposphere (681 hPa, bottom row in values of this parameter (e.g., greater than 1) are good indicator of the aerosol plumes generated by the biomass burning. Due to its cross track scan, OMI provides better spatial coverage in the data products compared to TES or MLS. Although OMI's AI maps in Figure 4 are not snap shots (i.e., the orbit swath are separated by ~1.5 hr), they clearly tracked the eastward propagations of at least two major fire plumes, starting on December 11 th and 14 th , respectively. The second event was also described in detail by Dirksen et al (2009) using OMI data and was tracked the aerosol plums for about eight days.
Here we examine the co-located TES/MLS CO observations and the OMI AI data to identify if the chemical tracer CO and aerosol observations on the Aura platform are consistent in describing the fire plume transport events. The coincidences of enhanced CO and AI data are only identified in a small fraction of orbit overpasses in the region. This is due to four factors. It is therefore hard to explain the matches or mis-matches between the high TES CO and OMI AI values. As an example, Figure 5 shows while TES data is missing.
Trajectory analysis of the enhanced CO, CloudSat vertical curtains of IWC
In the previous section, we presented evidence for the long-range transport of CO from TES and MLS and AI from OMI, which originated from the known Australia fires of December, troposphere, 681 hPa and 215 hPa, respectively, and they are traced back five days and 2.5 days, respectively. MODIS 8-day fire pixels are also marked indicating the fire locations in the time period. Two conclusions can be drawn from the back-trajectories shown in Figure 6 . First, the majority of TES enhanced CO air parcels at 215 hPa can be traced back to the SE Australia fire regions in about 2.5 days, which is a strong indication of the origins of these high COs observed by TES in the upper troposphere. At the lower troposphere (681 hPa), however, the air parcels appear to originate from south of the SE Australia region, at a lower speed than those at 300-200 9 hPa. These trajectory analyses do not support the hypothesis that high CO observed by TES in the lower troposphere, (Figure 2 bottom panel) away from the fire areas, originated from the Australia fires, but naturally, one should place more confidence in the 2.5 day back trajectories, since trajectory reliability rapidly decreases with increasing time spans. As we discussed in Section 2, these high CO observations by TES at 681 hPa are likely due to the vertical smoothing effect in the retrieval processes.
The second feature shown in Figure 6 is that the trajectories starting at either upper or lower tropospheric levels tend to stay on their pressure levels for several days. No drastic vertical transport is displayed in these trajectories driven by the global assimilated wind fields. Vertical convections that uplift air pollutants and aerosols (e.g., pyrocumulonimbus) occurred over the fires must exist to explain the observed enhanced CO values that are transported far away from their source by the wind system in the upper troposphere (Fromm et al. 2005 (Fromm et al. , 2006 .
We made an effort to examine the possible supporting observations of vertical profiles of aerosol or clouds in describing this fire and transport event. There was a data gap in CALIPSO in Figure 8 shows GEOS-Chem model simulations (Bey et al., 2001) tracer concentrations between 300 and 400 hPa. This result suggests that TM4 can, to some degree, simulate the lofting of the plume by the cold front, but also that the model fails to push the plume towards altitudes where it is picked up by the jet stream and where it actually been observed. Dirksen et al. (2009) note that the TM4 is likely deficient as it does not account for the enhanced buoyancy of the plume provided by the heat of the extensive fires. To better simulate the effects of pyro-convection, Dirksen et al. (2009) released the tracer at 248 hPa, which resulted in tracer plumes that are higher by 2-5 km and closer to the observed CALIOP plume altitudes. Again, extreme lofting by pyro-convection, although rare, is important because of the rapid pathway it offers for biomass combustion products to reach the upper troposphere or lower stratosphere (Fromm et al., 2005 ). Yet, similar to GEOS-Chem, the TM4 model does not incorporate pyroCbs. As pointed out by Hyer et al. (2007) , most CTMs do not treat lofting of fire plumes properly and the common way to do so in CTMs studying forest fire events is to impose an injection height as Dirksen et al. (2009) . The injection height of emission plumes varies considerably amongst fires, and the lofting of fire emissions depends on the energy of the fire and the local meteorological conditions (Hye er al., 2007) . Therefore, CTMs that release emissions of forest fires at pre-defined or fixed injection heights may overlook other causes that can contribute to the existence of a plume at a particular height. Therefore, an appropriate parameterization of the lofting is needed, which needs to account for vegetation type to estimate the heat flux and information on the fire size to calculate the buoyancy flux (Freitas et al., 2007) . 
GEOS-Chem model simulation of the event

Conclusions
In this paper we presented Aura satellite observations of the enhanced chemical tracer CO
(TES and MLS instruments) and the aerosol indices (OMI instrument) in regions down-wind from the Australian fires in December, 2006. We also examined the tracer pathways via the HYSLPLIT trajectory model powered by GDAS wind fields that trace the enhanced CO air parcels back to the known fire sources in the upper troposphere. The trajectories stayed on the upper tropospheric pressure level for 2-3 days between the fire origins and the observation locations. These observations and analyses suggest that for this particular event, the fire generated tracer CO and aerosols in the smoke were uplifted to the mid-upper-troposphere at the fire sources via pyro-convection mechanism suggested previously (Fromm et al., 2005 and and carried away by the strong horizontal wind system in the upper troposphere.
The TES enhanced CO retrievals in the lower troposphere can be traced back to the general area to the south of the fire origins with a slower air movement compared to the upper troposphere. We examined the vertical information in the TES CO profile retrievals. The DOF are 1.4 and 1.0 for those TES CO profiles between 27 o S to 43 o S and 49 o S to 72 o S, respectively. The TES averaging kernels, which describe the contributions of the true CO profile to the retrieved value, at a given pressure level, peak around 300 hPa. TES reported high CO values in the lower troposphere away from the fire sources are, therefore, partially due to the enhancement in CO in the mid-upper troposphere.
The GEOS-Chem model simulations of tropospheric CO using GFEDv2 biomass burning emissions are examined by extracting model data along TES observation footprints and times. 
